Valence and conduction band offsets of the InN/β-Ga 2 O 3 type-I heterojunction have been determined to be −0.55 ± 0.11 eV and −3.35 ± 0.11 eV, respectively, using X-ray photoelectron spectroscopy. The InN layers were grown using atomic layer epitaxy on (−201) oriented commercial β-Ga 2 O 3 substrates. Combining this data with published band offsets for the GaN and AlN heterojunctions to β-Ga 2 O 3 has allowed us to predict the band offsets for the AlGaN, AlInN, and InGaN ternary alloys to β-Ga Gallium oxide has recently experienced resurgent interest as a viable material for power electronic devices. Long known as an ultrawide bandgap semiconductor (E G = 4.7-4.9 eV), recent advances in growth and commercialization of low-cost, large-area substrates as well as controlled-doping epitaxy have provided device engineers with a new material platform to further push the Baliga Figure of Merit beyond that of GaN and SiC (BFOM Ga2O3 = 3444).
Gallium oxide has recently experienced resurgent interest as a viable material for power electronic devices. Long known as an ultrawide bandgap semiconductor (E G = 4.7-4.9 eV), recent advances in growth and commercialization of low-cost, large-area substrates as well as controlled-doping epitaxy have provided device engineers with a new material platform to further push the Baliga Figure of Merit beyond that of GaN and SiC (BFOM Ga2O3 = 3444). [1] [2] [3] [4] Demonstrations of n-type Ga 2 O 3 doped over a wide range have suggested that both low on resistance and high blocking voltage are achievable with this material. [5] [6] [7] [8] [9] In particular, n + -doped Ga 2 O 3 has been demonstrated using pulsed laser deposition (PLD), low pressure chemical vapor deposition (LPCVD), and molecular beam epitaxy (MBE) in what have been important steps toward demonstrating the potential of this material for future ultra-wide bandgap electronics. [10] [11] [12] [13] Due to the challenge of making low-resistance ohmic contacts to wide bandgap semiconductors, local doping enhancement by ion implantation, plasma exposure, or the addition of a low bandgap interlayer must be used. Out of several low bandgap materials, InN is a strong candidate due to its ability to be grown highly n + which could allow its function as a regrown barrier for an ohmic contact to Ga 2 O 3 . 14, 15 In this work, we have explored InN deposition on β-Ga 2 O 3 and measured the band offsets of this heterojunction. The band offsets of InN grown on β-Ga 2 O 3 are used to report an experimental band diagram of this heterojunction. Band offsets have been reported for most relevant oxides on Ga 2 O 3 in search of candidate gate dielectrics for ultra-wide bandgap electronics. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In addition, common semiconductor heterojunctions have been reported as well, including Si, SiC, GaN, AlN, and IZGO. [27] [28] [29] [30] [31] [32] 
Experimental
Samples of 8 × 8 mm size were diced out from a commercial (−201) β-Ga 2 O 3 unintentionally doped substrate. The wafers were cleaned in sequential 5-minute ultrasonic baths of acetone, isopropanol, and deionized water. The InN films were grown at 320°C by plasma-assisted atomic layer epitaxy (ALEp) using a Veeco/Cambridge Nanotech (CNT) Fiji 200. In preparation for InN growth, an additional in situ hydrogen plasma clean of the wafers was performed at 320°C with constant ultrahigh purity (UHP) argon flows of 30 sccm and 100 sccm through the metallorganic precursor manifold and plasma source, respectively. The plasma clean consisted of 10 sequential 20 second plasma exposures at 300 W forward power separated by 5 second argon purges. During these exposures, 50 sccm of UHP hydrogen was flowed through the plasma source in addition to the argon.
Upon completion of the hydrogen plasma clean, the constant argon flows were reduced to 15 sccm and 25 sccm through the precursor manifold and plasma source, respectively. The reactor pressure at these flows was 133 millitorr. Each ALEp growth cycle consisted of a 0.12 second pulse of trimethylindium, followed by an 8-10 second argon purge, a 25 second plasma nitridation at 300 W forward power with 50 sccm UHP nitrogen added to the argon flow, and a final 10 second argon purge. For the last 5 seconds of each plasma nitridation, 5 sccm of hydrogen was introduced through the plasma source to supplement the nitrogen and argon for the purpose of reducing impurities and improving film quality. A sequence of 30 growth cycles was used to grow the thin InN film, whereas 600 cycles were used for the thick film, corresponding to InN film thickness of about 2 nm and 40 nm, respectively. TEM and surface characterization of ALEgrown InN that confirm the smooth morphology have been detailed in the literature. 14, 15 Using this growth technique, we have previously demonstrated high quality, very flat, 5 nm thick InN films with mobility of 50 cm 2 /Vs, higher than that of 1.3 μm thick InN grown by molecular beam epitaxy. 36, 37 XPS was performed using a monochromatic, Al X-ray source in an ULVAC PHI system with a source power of 300 W. Charge compensation was achieved with a dual beam charge neutralization system with simultaneous low-energy electron and ion beams. 20 The adventitious carbon (C-C) line in the C 1s spectra at 284.8 eV was used for charge correction. The samples and electron analyzers were electrically grounded to provide a common reference Fermi level. We did not observe any effects due to differential charging. 38 Reflection electron energy loss spectroscopy (REELS) was used for measurement of the bandgap of the Ga 2 O 3 , using a 1 kV electron beam and the hemispherical electron analyzer.
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Results and Discussion
The thick InN films were utilized for valence band maximum (VBM) measurements of the InN film. The thinner InN films were necessary for the X-Ray photoelectron spectroscopy measurement of core valence electron difference between InN and Ga 2 O 3 . Finally, the VBM of Ga 2 O 3 was measured on a bare Ga 2 O 3 reference substrate by XPS as well. These results are summarized in Table I . The detailed XPS characterization and band diagram determination are discussed in the next section.
The XPS scans of the two InN samples, along with a control Ga 2 O 3 substrate, are shown in Fig. 2 . Signature peaks with high intensity from the expected elements (Ga, O, In, N, and C) were present. The Ga 2p core shell peak, clearly visible on the reference Ga 2 O 3 scan, was absent from the InN scans. The O 1s peak was greatly suppressed in the InN scans but not completely absent, indicating that a small amount of O was still present on the surface of the InN films despite storing the samples in vacuum. Within the Ga 2 O 3 survey scan, the peaks shown are the Ga-3d peak with binding energy of about 20.5 eV, Ga-3p around 105 eV, Ga-3s at about 160 eV, and there is the Ga-2p region around 1118.0 eV. The additional features seen between 400 and 600 eV are Auger lines which can strongly interfere with the N-1s signal having BE of about 400 eV for the samples covered with InN. Therefore, detailed spectra taken with a low-pass energy was utilized to determine peak location in this region. For the 1.5 nm InN film on Ga 2 O 3 , the intense peak around 20 eV is primarily due to the In-4d peak. A small amount of oxidation was expected due to the brief exposure of the InN films to atmosphere. As the growth process for InN on an oxide substrate continues to be optimized, we note that any potential O content in the InN, particularly at the interface, could significantly affect the measured band offsets and would be difficult to detect with spectroscopic methods alone.
In a non-destructive method based on XPS first reported by Kraut et al., the band diagram of a heterojunction of two dissimilar materials can be determined by measuring the core energy levels and the valence band maxima of each material. 38 Based on this information, the valence band offset between the two materials can be calculated with high degree of precision. For the case of the InN-Ga 2 O 3 heterostructure, Kraut's method defines the valence band offset as shown in Eq. 1,
core − E In3d core [1] where E Ga2O3 V BM was determined from the VBM measurement on the control Ga 2 O 3 substrate (Fig. 3a) and E InN V BM was determined from the VBM spectrum of the thick InN film (Fig. 3b) . Each VBM experimental determination was based on the intersection of the flat XPS energy approaching the valence band of the material and the linear fit of the leading valence band edge in the XPS data. Then, E Ga2O3 core and E InN core were determined from the vacuum-core delta regions of the XPS spectra of the thin InN film (Fig. 4a ) and the thick InN film (Fig. 4b) . Finally, the high resolution XPS spectra for the InN to Ga 2 O 3 core delta regions (Fig. 5) Table I ), the valence band offset E V for this heterojunction was calculated to be −0.55 ± 0.11 eV using Eq. 1. We note that this band offset is significantly different compared to the one expected for InN grown on a III-Nitride surface such as GaN (+0.58 eV). 40 In fact, our measured valence band offset for InN was similar to the the theoretical valence band offset for In 2 O 3 /Ga 2 O 3 , as recently reported by Swallow et al. 41 It is worth pointing out that measured valence bands for AlN and Al 2 O 3 , deposited by ALD on (−201) β-Ga 2 O 3 by two different groups, were similar as well: −0.09 ± 0.1 eV for PEALD AlN and 0.07 ± 0.2 eV for ALD Al2O3. 17, 31 While interfacial O was likely present in our films, preliminary depth-resolved XPS profiling did not indicate significant O content in our films, and as our growth substrate was an oxide the interfacial O content was impossible to quantify. We would reasonably expect the valence band offset for InN to Ga 2 O 3 in future reports to increase by up to about 1 eV as the effect of interfacial O is eliminated.
To determine the conduction band offset in a heterojunction, prior knowledge of the bandgap of the two films is required. The bandgap of (−201) Ga 2 O 3 was determined to be 4.6 eV from the REELS spectrum of the control substrate (Fig. 6) , showing reasonable consistency with prior reports. [42] [43] [44] [45] The bandgap of InN was assumed to be 0.7 eV based on values reported in the literature by our group and others. 14, 46 Thus, the conduction band offset E C , calculated to be −3.35 ± 0.11 eV based on the expression below.
Equation 2 is also evident from the band diagram of the InNGa 2 O 3 heterostructure, presented in Fig. 7 . Using the measured values for E C , E V , as well as the Ga2p 3/2 and In3d 5/2 core energy levels, a type-I band diagram was determined. This value for the conduction band offset is the largest reported among the reported semiconductor heterojunctions to β-Ga 2 O 3 to-date. Using the band offset data in this work and the published band offset values for GaN and AlN deposited on β-Ga 2 O 3 , 28, 31 we have attempted to predict the band offsets for the ternary nitride alloys Al x Ga 1-x N, Al x In 1-x N, and In x Ga 1-x N with β-Ga 2 O 3 . We note that atomic layer epitaxy is a particularly well-suited method for the development of such a generalized approach for band offset calculation as it is possible to cover the entire compositional range of a ternary nitride with this method, including the miscibility gap. 15 The bandgap of a ternary alloy A x B 1-x N was calculated using the following expression as a function of composition, x, and bandgap of the constituent binary compounds A and B:
where C is the bowing parameter which accounts for the nonlinearity in the bandgap of the ternary alloy. [47] [48] [49] Since the bandgap is only used for the calculation of conduction band offsets (Eq. 2), valence band offsets of the ternary alloy A x B 1-x N were calculated using the valence band offsets of the binary compounds AN and BN as a function of composition, x.
The conduction band offset was subsequently determined using Eq. 2 where the bandgap of the ternary nitride calculated in Eq. 3 was substituted in place of the binary nitride gap, [5] where bowing parameter values of 3 eV, 1 eV, and 4.7 eV were used for InGaN, AlGaN, and AlInN, respectively. 47, 50 For consistency with the band offset data for GaN and AlN from the prior reports, 28 ,31 a bandgap energy of 4.9 eV was used for β-Ga 2 O 3 for the purpose of this calculation. The resulting conduction and valence band offset curves for the ternary nitride alloys to β-Ga 2 O 3 as a function of alloy composition x are presented in Fig. 8 . As expected, valence band offsets were decreasing as the Al concentration increased in the AlGaN and AlInN alloys, whereas the conduction band offsets increased with In concentration in the AlInN and InGaN alloys. Accounting for the effects of epilayer thickness and strain, bandgap and bowing parameter temperature dependence, interface states, and other practical factors was beyond the scope of this study but can be reasonably expected to affect the band offsets of these heterojunctions.
Conclusions
In summary, XPS measurements were performed on ALEdeposited InN films, whose quality has been previously shown to be similar to that of MBE-grown InN, on β-Ga 2 O 3 substrates to determine the band offsets of this heterojunction. A type-I heterojunction was determined, with conduction band offset of −3.35 ± 0.11 eV and valence band offset of −0.55 ± 0.11 eV. This low valence band offset value was potentially attributed to unintentional O incorporation at the InN/Ga 2 O 3 interface. Combined with published band offsets for the AlN and GaN heterojunctions to β-Ga 2 O 3 , we have then predicted the band offsets for the various ternary nitride alloys to this ultra-wide bandgap semiconductor. As Ga 2 O 3 substrate technology matures, it could be potentially competitive as a substrate for III-Nitride electronic or optoelectronic heteroepitaxial devices, which are typically grown on sapphire or SiC substrates.
